Identification of de novo minisatellite mutations in the offspring of parents exposed to mutagenic agents offers a potentially sensitive measure of germ line genetic events induced by ionizing radiation and genotoxic chemicals. Germ line minisatellite mutations (GMM) are usually detected by hybridizing Southern blots of unamplified size-fractionated genomic DNA with minisatellite probes. However, this consumes a relatively large amount of DNA, requires several steps and may lack sensitivity. We have developed a polymerase chain reaction (PCR)-based GMM assay, which we applied to the hypermutable minisatellite, CEB1. Here, we compare the sensitivity and specificity of this assay with the conventional Southern hybridization method using DNA from 10 spouse pairs, one parent of each pair being a survivor of cancer in childhood, and their 20 offspring. We report that both methods have similar specificity but that the PCR method uses 250 times less DNA, has fewer steps and is better at detecting GMM with single repeats provided that specific guidelines for allele sizing are followed. The PCR GMM method is easier to apply to families where the amount of offspring DNA sample is limited.
Introduction
Although mammalian germ cells are highly sensitive to the mutagenic effects of environmental and therapeutic genotoxic agents such as chemicals and ionizing radiation (1, 2) , no human germ cell mutagen has yet been confirmed (1, 3, 4) . Furthermore, radiotherapy for cancer in childhood does not seem to increase the risk of malformations in the offspring of irradiated children, though other genetic effects have not been ruled out (5, 6) . However, the potential health impact in humans of radiation-and genotoxin-induced germ line genetic effects is an important and contentious issue, notably because fixation of mutations in the germ line could have long-term health consequences such as birth defects, de novo genetic diseases and chromosomal abnormality syndromes in offspring (1, 3, 5, 6) . Failure to detect mutations in the offspring of parents exposed environmentally or therapeutically during the critical gametogenic time window may be due to low mutation frequency or to limitations of the molecular technology (1, 7) .
One molecular technology that may help to overcome the limitations of detecting the low frequency of germ line mutations in protein coding genes is the analysis of mutations in tandem DNA repeat loci known as minisatellites (8) . In a number of studies, Dubrova et al. (9) (10) (11) (12) reported a statistically significantly increased germ line mutation rate in certain hypervariable minisatellite loci, following parental exposure to ionizing radiation, though other studies have failed to replicate these findings (13) (14) (15) . The advantage of the germ line minisatellite mutation (GMM) assay is that the de novo and induced mutation frequencies are $1000-fold higher than in structural genes, requiring much smaller populations to detect significant genotoxic effects (16, 17) . However, because GMM are usually detected as allele size expansions and contractions resulting from the addition or loss of repeat units, analysis has largely been confined to Southern blots of size-fractionated unamplified genomic DNA hybridized with minisatellite probes (9) (10) (11) (12) . This approach has two limitations. First, it requires a relatively large amount of DNA (5 lg) making it difficult to apply to families where blood volumes, as a source of DNA, especially from children, may be small. Second, the number of steps needed to resolve alleles makes the method time consuming. To overcome this, we recently developed a direct GMM analysis approach for the CEB1 locus, based on polymerase chain reaction (PCR) amplification, size fractionation by electrophoresis and direct staining of alleles (18) . We applied the PCR-based GMM approach to a case-control comparison of GMM frequency in childhood leukaemia (18) , but it was not clear whether the GMM detected by PCR were identical to those detected by Southern hybridization. Here, we compare the sensitivity and specificity of the Southern and PCR-based GMM detection methods using the same DNA samples from 10 spouse pairs and their 20 offspring.
Materials and methods
Genomic DNA samples Blood samples were obtained from 10 spouse pairs and 20 offspring as part of a study investigating the impact of radiotherapy for childhood and young adult cancer on reproductive outcomes in cancer survivors [(19) ; www.gcct.org]. One of each of the spouse pairs is a survivor of cancer in childhood. Eight of the spouse pairs had two children, one had one child and one had three children.
The 10 families are included in an ongoing study of the GMM rate in childhood and adolescent cancer survivors and their families (15) . All cancer survivors had been treated with radiotherapy for cancer prior to the conception of their offspring. Genomic DNA samples were extracted using standard techniques (FlexiGene; QIAGEN, Crawley, West Sussex, UK). The 10 families included in this study were selected (by G.S.R.) to have a range of CEB1 allele and GMM sizes and included four families in which GMM had not been detected by Southern blotting. GMM analysis by PCR was undertaken (by M.C.) without prior knowledge of Southern GMM results. Replicate PCR analysis (by A.O.) was carried out on samples with known GMM.
GMM analysis by Southern blotting GMM analysis was carried out by the Southern hybridization method described previously (15) , with modifications. Five micrograms of genomic DNA was digested with the Alu I restriction enzyme (New England Biolabs, Hitchin, Hertfordshire, UK) and electrophoresed on 30 cm 0.8% agarose gels in 1Â Tris-Borate-EDTA (TBE) buffer, containing 0.5 lg/ml ethidium bromide, for 18 h at 125 V. The size-fractionated DNA was denatured, neutralized and transferred to a nylon membrane (Magnacharge; Genetic Research Instrumentation, Braintree, Essex, UK) where it was fixed by ultraviolet (UV) cross linking. The CEB1 minisatellite probe was biotin labelled using BioPrime DNA labeling system (Invitrogen, Paisley, Scotland) and hybridized to immobilized sample DNA on Southern blots. Hybridization was detected using a KPL Detector AP Chemiluminescent Blotting Kit (Insight Biotechnology Limited, Wembley, Middlesex, UK). Each blot was scored visually by two independent assessors and digitally using Phoretix 1D software (Non-Linear Dynamics, Newcastle upon Tyne, UK) using a 1-kb ladder (Promega, Southampton, Hampshire, UK) for size reference across the well resolved 1-to 23-kb region. Criteria for identification of mutations were taken from previously published studies (9, 13) . A mutation was considered to be a band (allele) present in the offspring, but absent from both parents, and larger or smaller than the parental progenitor allele by at least one bandwidth. Any small or suspected mutations were run on a second gel for a longer time period to resolve the size difference between parental and offspring bands.
GMM analysis by PCR GMM analysis by PCR was carried out as previously described (18) but using different primers and amplification conditions. Genomic DNA samples (1 ll/20 ng) were amplified using a single pair of modified CEB1 primers, CEB1-F-CB (22 bp) (CCT-TCT-CCC-TGT-AAC-CAG-TTA-C) and CEB1-R-CB (21 bp) (TGA-GAG-TCG-GCC-GTG-AAG-AAT) using a PCR Express Thermal cycler (Hybaid Limited, Ashford, Middlesex, UK). PCR mixtures contained CEB1-F-CB and CEBI-R-CB primers (2 ll and 0.5 lM each), 10Â highfidelity PCR buffer at a 1Â final concentration (2 ll, Invitrogen), deoxynucleotide triphosphates (1 ll; Promega) at a final concentration of 0.5 mM, H 2 O (11 ll; Sigma-Aldrich), MgSO 4 (0.8 ll, 50 mM) at a final concentration of 2 mM and 1 U of Platinum Taq DNA polymerase High Fidelity (0.2 ll; Invitrogen Ltd). A negative control consisting of PCR mix without DNA was included to detect contamination. A positive control consisting of 20 ng DNA from the human lymphoblastoid cell line, LV012, which has two CEB1 alleles (2.76 kb and 4.01 kb), was used to check for PCR amplification. PCRs were carried out in 0.2-ml thin-walled PCR tubes (STARLAB GMBH, Ahrensburg, Germany) under cycling conditions that included an initial denaturation step (2 min at 94°C), 10 cycles of amplification (94°C/10 s denaturation, 61°C/30 s annealing and 68°C/12 min elongation) and finally 20 cycles under the same conditions, except that the elongation step was extended by 20 s per cycle. PCRs were then incubated for a further 12 min at 68°C as a final elongation step. To check for optimum amplification, PCR products were electrophoresed on 15-cm agarose gels (0.8%; Combrex BioScience, Rockland, ME, USA) in 1Â TBE buffer at 80 V for 4 h. Samples from the families and 1 kb plus DNA ladders (Invitrogen) were size fractionated on 40-cm agarose gels (0.8%) at 80 V for 24 h to obtain optimum allele separation and high resolution. Gels were stained using SYBR Gold nucleic acid stain (Invitrogen) in 1Â TBE (1:16 000 dilution) buffer for 40 min and bands visualized by UV transillumination on a Bio-Rad Gel Doc 2000. Images were digitized in real-time and alleles sized by allowing for the gel retardation factor (Rf) across the gel and measuring the distance in millimeters between the base of the lower and upper 1-kb size markers closest to the allele being measured and then measuring the distance of the allele between the two markers to obtain a size estimate in base pairs. GMM were defined as expansions or contractions of at least 39-bp difference, or one repeat unit, in size from the parental progenitor allele (20) .
Parentage analysis
To exclude non-parentage as a confounder of GMM, the AmpFlSTR COfiler PCR Amplification Kit (Applied Biosystems, Warrington, UK) was used to confirm kinship by amplifying six tetranucleotide short tandem repeat loci (D3S1358, D16S539, TH01, TPOX, CSF1PO and D7S820) plus a segment of the sex-specific amelogenin locus. Semi-automated analysis of PCR products was carried out on an ABI 310 genetic analyser, data files being analysed using Genotyper 2.X software (Applied Biosystems) to complete the DNA profiling. A mismatch between parent and offspring at two or more loci is considered to be non-paternity or non-maternity. None of the families included in the present study showed evidence of non-parentage.
Results
Since the detection of CEB1 GMM using Southern hybridization (15) requires an amount of DNA that can exclude offspring (such as those with cytopaenia) from whom a limited amount of DNA can be obtained, we developed a sensitive and direct PCR-based genotyping assay that requires much less DNA to visualize alleles and germ line mutations (18) . However, the PCR primers that we described previously (18) gave variable results, probably due to the 5°C melting temperature (Tm) difference between the forward and reverse primers and the low Mg 2þ concentration ($0.9 mM) in the PCR amplification mixture. Accordingly, we redesigned and optimized a new pair of primers, CEB1-F-CB at positions 12913-12934 and CEB1-R-CB at positions 13386-13406 (see Materials and methods) in the CEB1 reference sequence (AF048727; National Center for Biotechnology Information nucleotide database: http://www.ncbi.nlm.nih.gov/ nuccore/2935483). These were designed having regard to similar size (21-22 bp), guanine-cytosine content (forward: 50% and reverse: 52.4%) and Tm (forward: 54.8°C and reverse: 54.4°C), using sequences likely to have a reduced risk of hairpin formation. The new primers were optimized over a Tm range of 53-65°C, a final Mg 2þ concentration range of 1-2.25 mM, a Taq polymerase concentration of 0.75 or 1 U/20 ll and 8 or 12 min extension. Addition of bovine serum albumin (0.01-0.1 lg/ll) and dimethyl sulphoxide (2.5-7.5% v/v) was found not to improve amplification, and they were excluded from the modified PCR. Using the optimized PCR protocol (see Materials and methods), CEB1-F-CB and CEB1-R-CB were tested for reliability, reproducibility, allele sizing and segregation and GMM detection using DNA from lymphoblastoid cell lines prepared from a three generation family (details to be published elsewhere).
Using the optimized PCR-based GMM detection assay, we compared the specificity and sensitivity of the conventional Southern hybridization method (15) with the PCR method. Since these two methods have not, as far as we are aware, previously been compared using the same samples, we tested 10 spouse pairs and a total of 20 offspring for CEB1 GMM. The spouse pairs and their offspring were selected based on prior results of the Southern hybridization assay obtained at the Westlakes Research Institute (15) , from a larger series included in the Genetic Consequences of Cancer Treatment study (19) . PCRbased genotyping was carried out in Manchester on samples coded by family identifier, initially without knowledge of GMM status by Southern hybridization but subsequently selected for replication analysis based on GMM detected by PCR.
Data from the two assays were assembled into the allele sizes and GMM scores shown in Table I . Both methods were repeated on samples where alleles were expected but missing, if bands were faint and thus difficult to score or if germ line mutations required confirmation. Thus, Southern hybridization was perfomed once in three families (Families 2, 9 and 10), twice in two families (1, 3 and 4), three times in three families (5, 7 and 8) and four times in one family (6) . For PCR-based genotyping, samples from Families 1-6 were amplified on two separate occasions and both run on short (15 cm) gels and once on a long (40 cm) gel. PCR products for families 7-10 were run only on long gels. PCRs on Families 1 (with a 54-bp paternal GMM), 7 and 8 (both with missing parental alleles which precluded offspring genotyping) were repeated. Figure 1 shows representative Southern and PCR images for families 2-6 and were compiled independently by the two laboratories. Family samples were run on separate gels using the Southern method, but on the same gel for the PCR method. GMM were detected by Southern hybridization ( Figure 1A Figure 1B) .
By Southern hybridization, eight GMM with an average size of 393 bp ($10 repeats) were detected in 7 of the 20 offspring, seven being paternal and one being maternal (Table I) . Five of the eight GMM were expansion mutations of which one was maternal. All three contraction GMM were paternal. In Family 9, Child 2 had both a paternal and a maternal GMM. In family 10, both children had a paternal GMM, one being derived from each of the father's alleles. By PCR, nine GMM in eight offspring were detected with an average size of 230 bp ($5.75 repeats) of which eight (four paternal expansions, three paternal contractions and one maternal expansion) had the same polarity (expansion/contraction) as those identified by Southern hybridization. One paternal expansion GMM detected by Southern hybridization in Child 1 of Family 7 was not detected by PCR because the paternal progenitor allele could not be resolved. Two GMM, each approximately one repeat unit in size and identified by PCR, were not detected by Southern hybridization. One was a 54-bp paternal expansion GMM in Child 2 of Family 1 and the other was a 43-bp maternal expansion GMM in Child 2 of Family 2. A third Bracketed results indicate one repeat GMM not confirmed in replicated PCR.
Comparison of GMM detection methods
PCR-detected GMM, a 39-bp contraction mutation in Child 1 of Family 5, was also detected by Southern hybridization. By Southern hybridization, the mean paternal allele size was 4.671 kb and the mean maternal allele size was 4.053 kb, with one non-visualized paternal and two non-visualized maternal alleles. By PCR, the average paternal allele size was 3.451 kb and the average maternal allele size was 3.321 kb, with one non-visualized paternal and one maternal allele. This represents size differences between paternal and maternal alleles detected by Southern hybridization and PCR of 602 bp and 1350 bp, respectively. In general, parental allele sizes were smaller by PCR than Southern hybridization, the exception being paternal Allele 1 in Family 6.
Three of the GMM detected by PCR involved one repeat unit (Table I ). Since this is at the limit of measurement sensitivity, we carried out a replication study to determine whether GMM detection at this limit was reproducible. The first experiment involved DNA from Family 1 with a one repeat paternal expansion in Child 2. DNA samples from each family member were amplified in 10 separate reactions and amplified samples run in family groups on three separate gels. Table II shows the results of allele size measurements on the 10 replicated Family 1 samples, with the mean allele sizes for each gel, and the cumulative mean for the 10 replicates. Two points emerge from these results: (i) sample replication both within and between gels gave very consistent allele size results and (ii) while the larger of the two GMM in Family 1 was confirmed (Table I) , the smaller one-repeat GMM was not. This prompted us to test the two other families with one-repeat GMM (Families 2 and 5, Table I ). This time, PCRs were replicated three times and tested on the same gel. As Table II shows, the one repeat maternal expansion GMM in Child 2 of Family 2 was not confirmed, whereas the one repeat paternal contraction GMM in Child 1 of Family 5 was confirmed and is in agreement with the Southern hybridization results. In light of these results, we re-examined the method of PCR allele sizing and concluded that the measurement of band sizes on 40-cm gels using 12-cm photographic images from a thermal printer that were used to generate the data in Table I can lead to false positives. To overcome this, PCR images from 40-cm gels were saved as TIFF files, imported into Microsoft Word and printed as 24-cm images using a laser printer. Alleles were sized on the printed image as described in the Materials and methods by allowing for the Rf across the gel.
Discussion
GMM analysis by Southern hybridization of unamplified DNA using minisatellite probes is currently the method of choice for analysing sub-chromosomal mutations following germ cell exposure to radiation and genotoxins (9) (10) (11) (12) . The high frequency of spontaneous GMM and the increased rate of induced GMM makes it possible to carry out epidemiological studies of the effects of radiation and genotoxins using family series of modest size to achieve sufficient statistical power. However, this method requires a relatively large amount of DNA per sample and may preclude the use of DNA from buccal cells or small sample volumes from cytopaenic or young patients.
To overcome the sample amount limitation, we devised a direct PCR-based GMM detection method, which we used to compare parental CEB1 GMM frequencies in a case-control study of childhood leukaemia (18) . Since the PCR method requires only 20-ng DNA per sample to visualize CEB1 alleles and GMM, it is some 250 times more sensitive than Southern hybridization. In our previous case-control study of childhood leukaemia (18) , DNA samples from buccal cells produced satisfactory genotypes (18) . However, exacting Mg 2þ requirements and differences in primer Tm values made it difficult to obtain consistent amplification, necessitating frequent replication of PCRs (18) . In the present study, we addressed this problem using redesigned CEB1 primers, which were carefully optimized and exhaustively tested for reproducibility using DNA from a three generation leukaemia family until they gave consistent genotyping results. Nonetheless, even though the PCR assay would appear to be much more sensitive than the Table I . Numbers in bold type are parental progenitor and mutated child alleles. Numbers in bold italics are parent and child alleles originally thought to have been mutated (see Table I ). Replicates are PCRs on different DNA samples. Allele sizes are in kilobase pairs; germ line mutation sizes are in base pairs. Dashes (-) indicate mutation shown in Table I , but not detected in replicate.
Comparison of GMM detection methods
Southern method, the question whether PCR genotyping has the same GMM detection specificity as Southern hybridization remained. In the present study, we demonstrate, albeit in a small series of families, that the two methods have virtually the same specificity, while the PCR method with qualifications that we discuss below is much more sensitive. The Southern hybridization and PCR GMM assays differ in respect of the size of the alleles detected. In the small series of families presented here, we found that CEB1 alleles .8.5 kb were difficult to amplify by PCR, with the result that one GMM detected by Southern hybridization (in Child 1 of Family 7, Table I ) could not be detected by PCR. However, of the 40 CEB1 alleles in 10 spouse pairs, only two (5%) were not resolved, with the result that two families were not informative for CEB1 GMM. In their study of the germ line minisatellite mutation rate in the parents of children exposed to contamination from the Chernobyl nuclear power station, Dubrova et al. (9) resolved CEB1 alleles over a 3.5-22 kb range using Southern hybridization, but their CEB1 allele size distribution profile (9) shows that only a very small minority of alleles are .8.0 kb. Kiuru (20) , also using Southern hybridization, quotes a CEB1 allele size range of 0.5-12 kb. Dubrova et al. (10) report a mean parental control CEB1 allele size of 3.354 kb using the Southern method, which compares with a mean parental allele size of 4.362 kb by the Southern and 3.386 kb by the PCR method in the present study. Our PCR amplification results using the redesigned primers presented here suggest that we can detect an allele size range from 0.98 to 8.5 kb, which is well within maximum frequency of CEB1 allele sizes detected by Dubrova et al. (9) . The problem of resolving small minisatellite alleles by Southern hybridization and their detection by PCR has been reported before (21, 22) . It is possible that CEB1 alleles .8.5 kb could be amplified if fewer PCR cycles were used. However, in preliminary experiments, PCR product concentrations after 26 cycles are too low to detect by visible SYBR-Gold staining though they can be detected by Southern hybridization, suggesting that this approach could be used in families with unresolved alleles.
Our results suggest that PCR can detect GMM as small as one repeat (39 bp) but that small differences in the migration rate of the same parent and child alleles can lead to false positives. Based on the results of the replication studies, we suggest that one repeat GMM should be scored by repeating PCRs and using the modified allele-sizing method that we describe in the Results.
One advantage of Southern hybridization over PCR is that GMM at several loci can be screened by stripping and rehybridizing blots with different probes. Southern analysis of up to eight loci also allows sample identity to be confirmed, thus dispensing with separate tests of non-parentage (15) . However, automated sample replication makes it possible to amplify several minisatellites in parallel. With further technical refinements, using dye-labelled primers, and a more sensitive allele detection system, it may be possible to multiplex the PCR assay so that GMM in several loci can be detected simultaneously.
In summary, our results suggest that Southern hybridization and PCR-based GMM analysis have similar specificities, but that PCR is more sensitive than Southern hybridization in requiring much less DNA. We suggest that GMM detected by PCR involving single repeats are checked by replicate PCRs, using the modified allele-sizing approach described in the Results. In view of the problem of resolving alleles .8.5 kb by PCR, it may be necessary in future to devise a detection method based on Southern hybridization of sub-visible PCR products so that the complete GMM spectrum can be evaluated as a dosimeter of environmental and therapeutic germ line genotoxic effects. 
